Thermal boundary conductance (TBC) is critical in thermal management of modern electronic devices. However, a decades-old puzzle has been that many of the measured TBCs, such as those well characterized across Al/Si and ZnO/GaN interfaces, significantly exceed theoretical results or even the theoretical limit called the "radiation limit". Here, we identify that a commonly used assumption that phonons are in local thermal equilibrium at the interface is generally invalid. The measurable temperature for each individual mode is not the emitting temperature but the modal equivalent equilibrium temperature. Due to the wide range of transmission functions, different phonon modes are driven into strong thermal non-equilibrium with their respective equivalent equilibrium temperatures. We develop a "nonequilibrium Landauer approach" to capture such nonequilibrium effect, and define the "dressed" and "intrinsic" interface thermal conductances assuming same modal emitted temperatures and same local equivalent equilibrium temperatures respectively. Using our approach on the Al/Si and ZnO/GaN interfaces doubles the TBC and can even surprisingly exceed the original radiation limit. Our predictions can now well explain the experimental results.
Dv g τhω(f (T e1 ) − f (T e2 ))dω
where the p-sum is over all the incident phonon branches,h is the reduced Planck constant, ω is the phonon angular frequency, D is the phonon density of states, v g is the modal phonon group velocity, τ is the modal transmission coefficient at the interface from one material to the other, f (T ) is the carrier statistics at a certain temperature T (the Bose Einstein distribution function is used for phonons), and T e1 and T e2 are the emitted phonon temperatures from two reservoirs.
However, experimental and molecular dynamics simulation results [15, 17, 18] often exceed the TBC predicted from the Landauer formula Eq.(1) and even the radiation limit (when the transmission coefficients are set as 1 in Eq.(1)) [7, 8, 19] , which is usually considered as the upper limit of the thermal boundary conductance. Two possible mechanisms have been proposed in the literature, including inelastic scattering at the interface [20, 21] and cross-interface electron-phonon inelastic coupling [22] [23] [24] [25] [26] . However, before involving these mechanisms, we can examine whether Eq. (1) itself is a sound representation of the elastic conductance. In fact, Eq. (1) is clearly based on an important assumption that an interface is a local thermal equilibrium system, where the measurable temperatures of all phonon modes are the emitted phonon temperature T e . Such an assumption may be reasonable for electron and photon interfacial transport, for which the Landauer approach was originally developed, since the temperature reservoirs can be held right adjacent to the interface or surface, and the local temperature near the interface is not affected by the transmitted photons or electrons. However, it is questionable for phonons, since in standard measurements of interfacial thermal conductance such as the two-bar method [27] , the reservoirs are placed far away from the interface. It was pointed out in previous works by Simons [28] , and Zeng and Chen [29] that on the left side of the interface (as shown in FIG. 1 ) there are three groups of phonons: incident phonons traveling toward the interface with T e1 , reflected phonons with T e1 , and transmitted phonons from the right-side with T e2 . Clearly the incident, reflected, and transmitted phonons are not in equilibrium, and the measurable temperature near the interface should be affected by the transmitted phonons from the other side and different from the emitted phonon temperature T e . A local equivalent equilibrium temperature was defined in Zeng and Chen's work [29] , and it correctly predicts a zero resistance for an imaginary interface in a pure material (the transmission coefficients τ 1→2 and τ 2→1 are both 1) rather than a finite resistance that would be predicted by Eq.(1).
However, the model was a gray approach so it did not consider different phonon modes and the consequences of their varied transmission coefficients. Recently, a modal nonequilibrium molecular dynamics approach [30] has been developed and the results show that different phonon modes are in strong nonequilibrium near an interface. Such nonequilibrium effect needs to be incorporated in the Landauer approach.
In this work, we first apply the original Landauer method Eq.(1) to the Al/Si interface, because the TBC of the Al/Si interface has been measured by several groups [31] [32] [33] . However, we show that both literature and our calculated results from the original Landauer formula underestimates the TBC by over 25%. For the ZnO/GaN interface, the underestimation is as high as 56% [15] , which means the experimental TBC results are higher than twice the predictions from Landauer approach. We identify the underestimation to come from the assumption that all phonon modes are at equilibrium and the local temperature T is the same as the emitted temperature T e near the interface. Then we define the modal equivalent equilibrium temperature T λ of the corresponding phonon mode λ, and develop the nonequilibrium Landauer approach with T λ for the Al/Si interface. We then calculate the modal conductance and define the "dressed" and "intrinsic" interfacial conductances G dressed and G intrinsic . It should be noted that these two types of conductances can only be distinguished using our modal approach while not in the gray approach in Refs. [28] [29] .
The results from our approach can now well explain the experimental results for both Al/Si and ZnO/GaN interfaces.
We begin with the original Landauer approach, and the TBC at the interface is calculated from the net heat flow rate q, cross-sectional area A c of the interface, and emitted phonon temperatures T e1 and T e2 as shown in the following equation:
The net heat flow rate q as shown in FIG. 1 usually takes the following form [6, 10] :
where M(ω) is the phonon number of modes of material 1 at a given frequency ω. The detailed derivation of Landauer formula can be found in the supplemental material. For the interface between three dimensional (3D) materials, the number of modes is:
where k(ω) is the wave number at a certain frequency ω. The q expression with number of modes is equivalent to the q expression with density of states, which is the numerator in Eq. (1) (the proof of the equivalence can be found in the supplemental material). The number of modes expression is used here to simplify the derivation of transmission function later. It should be noted that only the phonon properties of material 1 is needed here because of the constraint from detailed balance, that the net heat flow rate is 0 when T e1 = T e2 , and the information of material 2 is included in the transmission coefficient τ . The related proof can be found in Supplemental Material. Moreover, the Eq. (3) is for interfaces with transmission coefficients independent of phonon incident angle, or at least one of material 1 and 2 is one dimensional (1D). Here the diffuse mismatch model (DMM) [7] is applied to calculate the transmission coefficient, and this approximation is valid as the transmission from DMM does not depend on the angle of incidence. The DMM is used here but not other methods like acoustic mismatch model (AMM) [7] because in our work the Landauer approach is applied to compare with experiments. The AMM usually works well for transmission process at low temperature across smooth interface, because materials are considered as continua without lattice structures, which might work for long wavelength but not short wavelength phonons. However, in experiments, there are usually defects at interfaces, and DMM has better agreement with experiments at room temperature [34, 35] , because of its assumption that all the phonons are diffusely scattered at the interface. Therefore, the DMM is selected to calculate the transmission coefficients. From the DMM model, the transmission coefficient is defined as [7, 10] :
The detailed balance of Landauer formula with transmission function from DMM is auto- Because all the incident modes lose their memory during transmission process, the transmission coefficients of DMM only depend on the frequency but not polarization unlike AMM, which is another widely used model for transmission prediction. Both DMM and AMM assume elastic transmission process without the change of phonon frequency.
With all the information, G original from the original Landauer approach at the Al/Si interface can be calculated as:
The calculated spectral transmission coefficients τ from DMM can be found in the supple- For each incident phonon mode, the transmitted phonons will affect the local temperature, such that the measurable temperature is no longer the same as the emitted temperature T e . Also, because of the different transmission coefficients of different phonon modes, the reflected phonons are not in equilibrium either. Clearly, the Landauer approach misses this nonequilibrium physics that experiment captures. To remedy this, the impact of transmitted and reflected phonons on the local temperature should be considered.
As shown in FIG. 4(a) , the modal phonon emitted temperature on each side of the interface are T λ,e1 and T λ,e2 , respectively. The modal equivalent equilibrium temperature T λ of phonon mode λ on the two sides, as shown in FIG. 4(a) , are
To calculate the TBC with modal equivalent equilibrium temperature, we first make an assumption that all phonon modes have the same emitted temperatures T e1 and T e2 on the two sides, respectively. This assumption means that there is no phonon scattering from the reservoir to the interface, and all the phonon modes preserve the temperature from the isothermal reservoir. The modal equivalent equilibrium temperature T λ of two representative modes λ 1 and λ 2 are shown in FIG. 4(b) . Considering all modes, the lattice equivalent equilibrium temperatures T 1 and T 2 , which are the local temperature on each side of the interface, are given by:
The weight of each phonon mode is its energy multiplied by its population because of the conservation of energy. The local equivalent equilibrium temperature jump ∆T then becomes
Now the TBC across the interface can be calculated as:
and the results are shown in FIG. 3 as G dressed (dressed means the modal G λ is dressed by the overall temperature jump T 1 − T 2 rather than their respective ∆T λ , hence the total G is not a direct summation of G λ ).
The dressed conductance G dressed assumes that the emitted temperature T λ,e of all the modes are the same. However, our recent modal NEMD calculations at the interface [30] imply that modal emitted temperatures are different for different phonon modes at the interface. In fact, in typical experimental measurements the thermostats are placed far enough from the interface, so different phonon modes arrive at the interface at different emitted temperatures although they leave the thermostat with the same temperature. Hence, as an alternative to the dressed conductance G dressed , we define another conductance limit with a different assumption that the modal equivalent equilibrium temperature T λ for all the modes are all the same:
and the average temperature of T 1 and T 2 equals the average of T e1 and T e2 . This assumption would require the phonons to generally have different emitted temperatures T λ,e (unless a constant transmission coefficient which does not change with frequency or even a unity transmission for all phonon modes which recovers the imaginary interface case). This assumption actually renders all phonons in local thermal equilibrium and give a different TBC, which we call the intrinsic conductance G intrinsic . The G intrinsic can be calculated as:
We call it G intrinsic because it is a simple summation of the modal conductance G λ due to the fact that all the phonon modes are in local equilibrium near the interface, unlike G dressed .
With the intrinsic conductance, if τ 12 = 1, the zero resistance can be correctly predicted. The results of G intrinsic across the Al/Si interface is shown in FIG. 3 . Both G dressed and G intrinsic are significantly larger than that from the original Landauer approach and even the original radiation limit, and can now bound the experimental data at the entire temperature range.
These two conductances can only be distinguished using our modal and nonequilibrium approach while not in the gray approachwhere all phonon modes have the same T e and T 1 , T 2 at the same time. Our modal nonequilibrium approach brings quantitative agreement with experiment in reach.
Then we apply the non-equilibrium Landauer approach to the ZnO/GaN interface. As mentioned earlier, in the previous thermal boundary conductance study of ZnO/GaN interface [15] , it was found that the Landauer approach with transmission from DMM underpredicts the TBC measured from experiments by nearly a factor of two. We suspect that the discrepancy can come from the same issue of not including phonon nonequilibrium. Gaskins et al. [15] large difference between ∆T e and ∆T λ , and as a result G intrinsic is larger than G dressed . On the other hand, if modes carrying large heat flux and modes with high transmission coefficient are different, G intrinsic is usually smaller than G dressed . For a perfectly matched interface, DMM will yield transmission coefficient of 0.5 and G dressed is always twice G original , if the mismatch between two materials across the interface is small, usually G intrinsic is larger than
To summarize, the Landauer approach with transmission from mismatch models is often applied to predict the TBC at the interface. However, it often underestimates the conductance as compared to experimental results. We have modified the original Landauer approach to include the effects of phonon local nonequilibrium, and term it "nonequilibrium Landauer approach". Our approach on Al/Si and ZnO/GaN interfaces shows that the experimental TBC results do not actually exceed the Landauer results or the radiation limit,
